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® What is a granular media!

® size > |00um

beads, animal feed pellet,
medicines, cereals, wheat, sugar,
rice...

50 % of the traded products

grains of sand, small rocks, glass
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spoil tip - Australia



spoil tip (boney pile, gob pile, bing or pit heap), «terril» in french
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http www.pbase.com/image/6 304460

avalanche : le «Frank Slide» 1907

2006 Gary Hebert
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http://books.google.fr/books?id=HY6Z50d4-E4C&pg=PA49&dq=granular

+flow&hl=fr&ei=lamtTaa NYyVOoToldcL&sa=X&oi=book_result&ct=result&resnum=10&ved=0CFkQ6AEWCTgK#v=onepage&q&f=true
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Non Newtonian flows

stress tensor o0, |= —pd;; +HTi; Viscous stress tensor
1 Ou; ou;
| D;; = L - Tij = 2nD;;
strain rate ; 2( O, axj) J J

strain rate second invariant Dy = \/D;; Dj;

Newtonian fluid n constant

generalized

. . n function of Do
Newtonian fluid

power law fluid n(Dsy) = no DY~



Non Newtonian flows

straln rate second invariant

Dy = \/Dy;Dj; Tij = 2nDi;

Ty vield stress
Herschel-Bulkley n(Ds) = —2 + noDY 1

2D,

. Ty |
Bingham n(Dz2) = oD, o
Ty
Drucker Prager n(Dy) = T
2

Coulomb vyield stress Ty = 1l



Non Newtonian flows
Example of Bingham Collapse

F. Dufour & G. Pijaudier-Cabot, , Int. J. Numer. Anal. Meth. Geomech. (2005)
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Non Newtonian tflows
Example of Bingham Collapse

Gerris
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“SNon Newtonian flows
Example of Bingham Collapse

Basilisk
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® | ooking for a continuum description

® | ot of recent experiments in simple configurations:
shear/ inclined plane,

with model material (glass beads, sand...)
® Simulations with Contact Dynamics

(disks, polygona spheres)

@
7
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Fig. 1. The six configurations of granular flows: (a) plane
shear, (b) annular shear, (c) vertical-chute flows, (d) 1nchned
plane, (e) heap flow, (f) rotating drum.




® | ooking for a continuum description

® | ot of recent experiments in simple configurations:
shear/ inclined plane,

with model material (glass beads, sand...)
® Simulations with Contact Dynamics

(disks, polygona, spheres)

® Defining a «viscosity»

® [mplement it in the Navier Stokes solver Gerris

® Jest on exact «Bagnold» avalanche solution

® Jest on granular collapse and hourglass



The p(l)-rheology
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T =p(l)P Coulomb friction law
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- The p(l)-rheology
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+ . The p(l)-rheology
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Saint-Venant Savage Hutter 681’ ris
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(h*)) = —ghu(f)@

Gerris is a free finite volume code by Stephane Popinet
one part of the code is a Shallow Water solver

. . Qn—l—l

Q" —Q" 0 Q% g, . Q" —Q*
N + aw( + =(h?)) =0
Audusse et al.

finite volume Rieman Solver + well balanced
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mu = (0.4 + 0.26/(0.4/In +1))
mu = (0.4 + 0.26%exp(-0.136/In))
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Shallow Water
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Saint-Venant Savage Hutter Gerris 4-
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Shallow Water Full 2D

Basilisk

Basiliscus basiliscus is the latin name of the extraordinary
Jesus Christ lizard, famous for its ability to run on the surfa
of water, a characteristic it shares with another well-known

water-walker Gerris lacustris.



http://basilisk.fr/Front%20Page
http://en.wikipedia.org/wiki/Common_basilisk
http://en.wikipedia.org/wiki/Gerris_lacustris

Shape of granular fronts down rough inclined planes 1957

Pressure™

Friction

FIG. 2. (a) Picture of the front illuminated by the laser sheet for material 4,
0=21°, h,,=9.5 mm. (b) Forces on an elementary material slice.
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A depth-averaged ji(1)-rheology for shallow granular free-surface flows
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- Gerris is a finite volume code by Stephane Popinet
one part of the code is a Navier Stokes solver

- automatic mesh adaptation
- Volume Of Fluid method for two phase flows

- free on sourceforge



Projection Method

U1 =W — 52=(Vp, 1 — Vp,_1),

V'Un_|_1 = 0.

multigrid solver for Laplacien of pressure

At At
V- Vpn+; =V |u + Vpn_l
pn—{—% 2 pn—{—% 2

implicit for u™

p’n—|—l 1
Ay W5V i Vie) = oy

N~

VOF reconstruction




implementation in Gerris flow solver?

p2 — H1
u(l) = p

Iy/T+1
_ Wig T Uy
Dy = \/D;;D;; Dij = 5
construction of a viscosity based on the D2 invariant and redefinition of |

0 = win(as,max (400 0)) 1= av3D/ /(1]

- the «miny limits viscosity to a large value
- always flow, even slow

Boundary Conditions: no slip and P=0 at the interface



implementation in Gerris flow solver?

p2 — H1
u(l) = p

Iy/T+1
_ Wig T Uy
Dy = \/D;;D;; Dij = 5
construction of a viscosity based on the D2 invariant and redefinition of |

0 = win(as,max (400 0)) 1= av3D/ /(1]

0
V.-u=0, p(a? | u-Vu) = —-Vp+ V- (2nD) + pg,

Boundary Conditions: no slip and P=0 at the interface



implementation in Gerris flow solver?

p2 — H1
u(l) = p

Iy/T+1
_ Wig T Uy
Dy = \/D;;D;; Dij = 5
construction of a viscosity based on the D2 invariant and redefinition of |

0 = win(as,max (400 0)) 1= av3D/ /(1]

0
V.-u=0, p(a? | u-Vu) = —-Vp+ V- (2nD) + pg,

oc
Ey FV(cu) =0, p=co1+ 1 —¢)p2, n=cm + (1 —c)n2

The granular fluid is covered by a passive light fluid (it allows for a zero pressure boundary condition at the surface, bypassing an up to now

difficulty which was to impose this condition on a unknown moving boundary).

Boundary Conditions: no slip and P=0 at the top



small density

flud small viscosity

dc

| . — — - — -

5 TV () =0, p=cpr+(1=c)p2, n=cm+(1—=c)p
The granular fluid is covered by a passive light fluid (it allows for a zero pressure boundary condition at the surface, bypassing an up to now

difficulty which was to impose this condition on a unknown moving boundary).

Boundary Conditions: no slip and P=0 at the top




Test of the code: «Bagnold» avalanche

kind of Nusselt film solution
“Half Poiseuille”

Contact Dynamic
simulation Lydie Staron




Test of the code: «Bagnold» avalanche

grains

2 H3 Y 3/2
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Test of the code: «Bagnold» avalanche
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The sand pit prgblem quckly redee the bucke,t f}f’{and :

” ‘ http://www.mylot.com/w/photokeywords/pail.asg


http://www.mylot.com/w/photokeywords/pail.aspx

Granular Column Collapse
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The sand pit problem: quickly remove the bucket of sand
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Granular Column Collapse

aspect ratio a = Hy/Ry = Hp/Lo

HoA
t=0
v B
Hoe oo t=oc |
¢ € >

The sand pit problem: quickly remove the bucket of sand

I nwennesse of nl . 2004



Collapse of columns
a=0.37

Contact Dynamic
simulation Lydie Staron




¢ . Collapse of columns
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¢ Collapse of columns simulation Gerris u(l)
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Method and Navier Stokes gerris, shape at time
0, I, 2, 3, 4 and position of the front of the
avalanche as function of time (time measured
with /H,/g and space with af )
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¢ Collapse of columns simulation Gerris u(l)
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Collapse of columns of aspect ratio 1.42
comparison of Discrete Simulation Contact
Method and Navier Stokes gerris, shape at time
0, I, 2, 3, 4 and position of the front of the
avalanche as function of time (time measured
with /H,/g and space with af )
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x(t)

. Collapse of columns simulation Gerris u(l)

S
Collapse of columns of aspect ratio 6.26
comparison of Discrete Simulation Contact
Method and Navier Stokes gerris, shape at time
0, I, 2, 3, 4 and position of the front of the
avalanche as function of time (time measured
with /H,/g and space with aHj )
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a=0.5 DCMvs Gerris u(l)



Collapse of columns simulation Gerris u(l)

g

a = 1.42DCM vs Gerris u(l)






Full 2D

Basilisk

Basiliscus basiliscus is the latin name of the extraordinary
Jesus Christ lizard, famous for its ability to run on the surface
of water, a characteristic it shares with another well-known
water-walker Gerris lacustris. 3



http://basilisk.fr/Front%20Page
http://en.wikipedia.org/wiki/Common_basilisk
http://en.wikipedia.org/wiki/Gerris_lacustris

Collapse of columns simulation Gerris u(l)

NASLD s '

DCM vs Gerris u(l)



Collapse of columns simulation Gerris u(l)

DCM vs Gerris u(l)



Collapse of columns simulation Gerris u(l)

\
DCM vs Gerris u(l)



Collapse of columns simulation Gerris u(l)

DCM vs Gerris u(l)



Collapse of columns simulation Gerris u(l)
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Collapse of columns simulation Gerris u(l)

Normalised final deposit
extent as a function of aspect
| ratio a.

| Well-defined power law
i dependencies with exponents
I of | and 2/3 respectively.

We recover the experimental scaling
[Lajeunesse et al. 04] and [Staron et al. 05].
Differences between the values of the
prefactors are due to the difficulties to obtain
the run out length: friction in the Navier Stokes
| | code tends to underestimate it, whereas direct
oo | simulation shows that the tip is very gazeous, it
: can no longer explained by a continuum
e mechanic description.
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Granular slumping on a horizontal surface

E Lajeunesse J. B. Monnier and G. M. Homsy PoF 05

Phys. Fluids 17, 103302 (2005)
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* In the axisymmetric geometry e [n the rectangular channel:
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0.1 ! 10 FIG. 6. Scaled runout AL/L; (a) and scaled deposit
height H,/L; (b) as functions of a. Circles and triangles
correspond to experiments performed in the 2D channel
working respectively with glass beads of diameter d
=1.15 mm or d=3 mm. Crosses correspond to the data
set of axisymmetric collapses from Lajeunesse et al.
(Ref. 10).
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® good quantitative behaviour

® test another case?



® A well know experimental result:
Hagen Beverloo constant discharge law

® Jool:
contact dynamics for discrete simulation
and continuum «u(l) rheology»

® the Hour Glass: discrete versus continuum simulations



XVIII century

watchkeeping

catalogue de I'exposition a la Conquéte des Mers, Hospice Comtesse Lille 1983



2D model computed with DCM

~ 90x90 grains
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The Hour Glass
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Nedderman
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® Hagen 1852 Beverloo 1961 constant discharge law
mass flow rate

% W = Cp\/g(D — kd)® in 3D
Gotthilf Hagen I797-I884CI O~ 0.6 k~1.5

no influence of the hight

foYooRe
QO% nor the width
0 QO

influence of D, d and p
so by dimensional analysis:

< > D
v U~ gD

W =Cp\/g(D —kd)? i



® A well know experimental result:
Hagen Beverloo constant discharge law

® Problem:

Simulate the hour glass with discrete and continuum
theories

® try to recover the Beverloo 1961 Hagen 1852 law from
discrete and continuum simulations




® Flow in a Hourglass Discharge from Hoppers

simulation DCM







2% o Flow ina Hourglass Discharge from Hoppers

simulation discrete vs continuum




0.9 | | | | |
i — wu(I) plastic flow | -
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E N~ y=09-00531|

O B — Newtonian flow |

> 0.6 ---- Torricelli's flow
0.3F .
00 | | | | | L Trelipe

0 9 4 6 § 10 12 14 16 18
time

viscosity of the Newtonian flow extrapolated from the p(l) near the orifice
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— Q=122(%-217)" Beverloo (1961)
® W= 90d,discrete
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30— Q=155(L-056)" ' |

® W= 90d,continuum
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NO influence of initial filling height
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discrete vs continuum (at same rate)



o—a P_discrete
— P. continuum
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discrete vs continuum (at same rate)
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Conclusion

u(l) Rheology for granular flows?

granular: ubiquitous

Shallow Water: good tool for avalanches (geophysics)
good qualitative behaviour (discr./ cont.)

Collapse scaling - Beverloo scaling: u(l)

Beverloo at same rate: velocity pressure superposed

but: coef. u(l) depend on the geometry?



Conclusion

® discrete continus (like air water..)

grains discretes «—— Continus fluid , Navier Stokes

I

simplified system : Saint Venant

® |ot of applications



Conclusion

® non local effects! Kamrin Boquet

® instabilities?

® u(l) ill posed: Barker, Schaeffer, Bohorquez, Gray...
® Shallow Water: extra term Edwards, Baker, Gray...

® Segregation: Gajjar, Gray...



Thanks for attention

Time for questions ?




